Binge drinking often triggers compromised myocardial contractile function while activating AMP-activated protein kinase (AMPK). Given the role of AMPK in the initiation of autophagy through the mammalian target of rapamycin complex 1 (mTORC1) and Unc51-like kinase (ULK1), this study was designed to examine the impact of AMPK deficiency on cardiac function and the mechanism involved with a focus on autophagy following an acute ethanol challenge.
Introduction
Binge drinking often leads to unfavourable pathological sequelae of the heart including disruption of myofibrillary architecture and compromised myocardial contractile function.
1,2 Although a number of scenarios have been postulated with regard to the onset and progression of alcohol (ethanol)-induced myopathic changes including toxicity of ethanol and its metabolites, reactive oxygen species, apoptosis, mitochondrial damage, accumulation of fatty acid ethyl esters, as well as modification of lipoprotein and apolipoprotein particles, 3 -6 the precise mechanism(s) underlying alcohol-elicited cardiac anomalies remains elusive. Recent evidence from our group has demonstrated that an acute ethanol challenge significantly enhanced the AMP-to-ATP ratio and LKB1 levels in the heart, en route to hyperactivation of AMP-activated protein kinase (AMPK) and cardiac contractile dysfunction. 7 This finding depicted a potential role of the metabolic sensor AMPK in alcoholic cardiac damage. AMPK has long been known to serve as a potential target in heart failure development. In particular, AMPK senses the energy state and orchestrates a global metabolic response to energy deprivation in the heart, such as in failing hearts. 8 -11 However, the precise mechanism behind AMPK-mediated maintenance of cardiac energy homoeostasis and contractile function under alcoholism remains unclear. Autophagy, the highly orchestrated intracellular bulk degradation, refers to three types of processes, namely microautophagy, chaperonmediated autophagy, and macroautophagy, which is the main machinery for cytoplasm-to-lysosome delivery. Autophagy plays a pivotal role in the maintenance of cardiac geometry and contractile function. 12 Impaired autophagy has been found in a number of heart diseases, including ischaemia/reperfusion injury. 12 To the contrary, excessive and uncontrolled autophagy leads to loss of functional protein, depletion of essential molecules, oxidative stress, loss of ATP, collapse of cellular catabolic machinery, and ultimately cell death in the heart. 12, 13 Recent evidence has revealed a likely role of autophagy in alcoholic liver diseases. 14, 15 Moreover, initiation of autophagy and suppression of lysosomal function have been suggested to facilitate tissue damage including viral infection and steatosis in alcoholics. 15 More recent reports from our laboratory have depicted a role of autophagy in the onset and progression of alcoholic cardiomyopathy. 16, 17 Nonetheless, the mechanism behind autophagy and signalling cascades involved in alcoholism remains unknown. Given the close tie between alcoholism and AMPK, 7, 16 it is plausible to speculate a role of AMPK in autophagic regulation and subsequently changes in cardiac function following an alcohol challenge. AMPK is known to promote autophagy through activation of Ca 2+ / Calmodulin-dependent kinase kinase-b, an essential signalling molecule required for Ca 2+ -induced autophagy through the mammalian target of rapamycin complex 1 (mTORC1) regulation. 18 In particular, AMPK promotes autophagy via inhibition of mTORC1 by way of phosphorylation of the mTORC1-associated protein Raptor 19 and tuberous sclerosis complex 2. 20 Two seminal reports have depicted that energy stress triggers autophagy through AMP activation, which phosphorylates the homologue of Atg1, namely Unc51-like kinase (ULK1), at different sites from its Ser/Thr-rich domain binding to the complex with Atg13 and FIP200. 21, 22 ULK1 may be phosphorylated and negatively regulated by mTORC1. 23 High mTOR activity prevents ULK1 activation via ULK1 phosphorylation at Ser 757 to disrupt the interaction between ULK1 and AMPK. 22 To this end, we took advantage of a transgenic mouse model with overexpression of the dominantnegative AMPKa2 subunit to examine the impact of AMPK deficiency on acute ethanol exposure-induced cardiac anomalies and the underlying mechanisms with a focus on autophagy. Echocardiographic, Langendorff heart perfusion, cardiomyocyte contractile function, and autophagic markers including Beclin-1, LC3, and p62 were monitored. Expression and activation of AMPK and its downstream signalling molecules including acetyl-CoA carboxylase (ACC), mTOR, Raptor, and ULK1 were examined in hearts from wild-type (WT) and AMPKdeficient transgenic mice with or without acute ethanol challenge. An intraperitoneal glucose tolerance test (IPGTT) was performed for overall assessment of glucose-handling capacity. ULK1 signalling was detected in H9C2 myoblasts. In vitro H9C2 myoblast cell culture was also used for transfection of green fluorescent protein (GFP)-LC3 to assess the potential AMPK signalling mechanism involved in short-term ethanol exposure-induced autophagy. Given that ethanol may interrupt autophagic flux in cardiomyocytes, 16 LC3II and the autophagosome cargo protein p62 were evaluated in myocytes subjected to ethanol exposure or AMPK inhibition in the absence (steady-state autophagosomes) or the presence (cumulative autophagosomes) of a mixture of lysosomal inhibitors.
Methods
For details, refer to the Supplemental material online.
Experimental animals and acute ethanol exposure
All animal procedures described here were in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85 -23, revised 1996) and were approved by the University of Wyoming Animal Care and Use Committee. Adult male mice overexpressing the dominant-negative AMPKa2 subunit (kinase dead, KD, K45R mutation, KD1 line) and their WT littermates with expression of the a2 subunit of AMPK were used. All mice were housed in a temperature-controlled room (22.8 + 2.08C, 45-50% humidity) with a 12/12-light/dark cycle and allowed access to tap water ad libitum. For the acute ethanol challenge, mice (4 month old) were injected intraperitoneally with ethanol (3 g/kg/day, 100 mL injected volume per day) for three consecutive days 5 and were used 24 h after the last injection. Mice not treated with ethanol received an equal volume of saline each day.
Assessment of ethanol level and intraperitoneal glucose tolerance test
Plasma ethanol levels were measured 24 and the IPGTT was performed as described. 25 
Echocardiographic assessment
Cardiac geometry and function were evaluated in anaesthetized (ketamine 80 mg/kg and xylazine 12 mg/kg, ip) mice using a two-dimensional (2D) guided M-mode echocardiography (Phillips Sonos 5500) equipped with a 15 -6 MHz linear transducer (Phillips Medical Systems, Andover, MD, USA). The adequate depth of anaesthesia was monitored using the toe reflex. The heart was imaged in the 2D mode in the parasternal long-axis view with a depth setting of 2 cm. The M-mode cursor was positioned perpendicularly to the interventricular septum and the posterior wall of the left ventricle (LV) at the level of papillary muscles from the 2D mode. The sweep speed was 100 mm/s for the M-mode. Diastolic wall thickness, end-diastolic dimension (EDD), and end-systolic dimension (ESD) were measured. All measurements were done from leading edge to a leading edge in accordance with the Guidelines of the American Society of Echocardiography. 26 The ] × 100. Heart rates were averaged over 10 cardiac cycles. 27 
Langendorff perfused heart function
Mice were sacrificed under anaesthesia (ketamine 80 mg/kg and xylazine 12 mg/kg, ip). The left ventricular developed pressure (LVDP) and the first derivative of the LVDP (+dP/dt) were recorded. 5 
Isolation of murine cardiomyocytes and cell mechanics
Mice were sacrificed under anaesthesia (ketamine 80 mg/kg and xylazine 12 mg/kg, ip). Hearts were digested using Liberase Blendzyme. To assess the role of AMPK in acute ethanol exposure-induced cardiomyocyte contractile response, cardiomyocytes from adult WT mice were treated with ethanol (240 mg/dL) at 378C for 4 h in the absence or presence of the AMPK inhibitor compound C (5 mM) or the autophagy inhibitor 3-methyladenine (3-MA, 10 mM). 28 To evaluate the autophagy flux in response to ethanol and AMPK deficiency, cardiomyocytes from WT and AMPK KD mice were incubated with a mixture of lysosomal inhibitors [bafilomycin A1 (50 nM), E64D (2.5 mg/mL), and pepstatin A methyl ester (5 mg/mL)] 16 along with an ethanol challenge. Mechanical properties of cardiomyocytes were assessed using a SoftEdge MyoCam system (IonOptix Corporation, Milton, MA, USA). 29 Cell shortening and re-lengthening were assessed using the following indices: peak shortening (PS), maximal velocities of cell shortening and re-lengthening (+dL/dt), time-to-PS (TPS), and time-to-90% re-lengthening (TR 90 ).
LC3B-GFP-adenovirus production, infection, and quantification in H9C2 cells
Owing to the technical difficulty of viral transfection in murine cardiomyocytes, H9c2 cells were used to assess autophagy. H9c2 cells were infected with adenoviruses expressing GFP-LC3 fusion protein. H9c2 cells transfected with GFP-LC3 adenovirus were treated with or without ethanol (240 mg/dL) at 378C for 4 h in the absence or presence of the AMPK inhibitor compound C (5 mM) or the autophagy inhibitor 3-MA (10 mM). 30 Rapamycin (5 mM) was used as the positive control for autophagy induction. 31 To evaluate the autophagic flux, GFP-LC3-positive cells were evaluated in H9c2 cells pre-incubated with a mixture of lysosomal inhibitors [bafilomycin A1 (50 nM), E64D (2.5 mg/mL), and pepstatin A methyl ester (5 mg/mL)] or compound C prior to ethanol treatment. Cells were visualized using a fluorescence microscope and the percentage of GFP-LC3-positive cells showing GFP-LC3 puncta (.10 dots/cell) were scored as described. 32 
Western blot analysis
Protein was prepared as described. 29 Quantification of the gel density was determined using Quantity One software (Bio-Rad, version 4.4.0, ChemiDoc XRS) and reported in optical density per square millimetre. For details, refer to the Supplementary material online.
Data analysis
Data are mean + SEM. The difference was calculated by repeated measures analysis of variance (ANOVA) followed by Tukey's post hoc analysis. A P-value , 0.05 was considered significant.
Results

General features and IPGTT of WT and AMPK KD mice with or without ethanol
Neither ethanol treatment nor AMPK deficiency affected body and organ (heart, liver, and kidney) weights or size (organ-to-body weight ratio). As expected, the ethanol challenge elicited comparable rises in blood alcohol levels in both WT and AMPK KD mice. Systolic and diastolic blood pressures were similar between WT and AMPK KD mice in the absence of ethanol exposure. The acute ethanol challenge elicited a trend of decrease in both systolic and diastolic blood pressures (P . 0.05) in both WT and AMPK KD mice ( Table 1) . Following the ip glucose challenge, serum glucose levels in all four mouse groups began to drop after peaking at 15 min and returned towards near baseline values after 120 min. Ethanol-treated WT (WT-EtOH) mice displayed a slightly higher serum glucose levels between 15 and 120 min after the glucose challenge compared with WT mice without the ethanol challenge (although it failed to reach statistical significance). This is supported by the significantly greater area underneath the IPGTT curve (AUC) in ethanol-treated WT mice, indicating glucose intolerance in ethanol-treated WT mice. Although AMPK deficiency did not affect the IPGTT curve and the AUC in the absence of the ethanol challenge, it significantly attenuated ethanol-induced increase in glucose intolerance (as evidenced by the AUC, Figure 1A and B).
Echocardiographic characteristics and cardiomyocyte contractile properties
The heart rate was comparable among WT and AMPK KD mice WT mice. Although AMPK deficiency failed to affect any of the echocardiographic parameters measured in the absence of ethanol exposure, it mitigated the ethanol-induced decrease in fractional shortening and the ejection fraction as well as unmasked an ethanol-induced decrease in the LVESD without affecting the ethanol-induced drop in the LVEDD ( Table 1) . Neither the ethanol challenge nor AMPK deficiency affected the resting cell length. However, cardiomyocytes from ethanol-treated WT mice displayed significantly reduced PS and +dL/dt associated with prolonged TR 90 and an unchanged TPS. AMPK deficiency significantly attenuated or ablated acute ethanol challenge-induced cardiomyocyte mechanical dysfunctions without eliciting any obvious effect itself ( Figure 1C -H ).
Effect of ethanol exposure and AMPK deficiency on Langendorff perfused heart function
To further assess the impact of acute ethanol exposure and AMPK deficiency on cardiac contractile function in the whole heart setting, the Langendroff perfused heart function was evaluated in WT and AMPK KD mice with or without the ethanol challenge. Our data revealed that the acute ethanol challenge resulted in a significant decline in the LVDP and + dP/dt in WT mice, the effects of which were significantly alleviated by AMPK deficiency. AMPK deficiency alone did not affect whole heart contractile function AMPK, autophagy, and alcoholic cardiomyopathy manifested by an unchanged LVDP and + dP/dt (Supplementary material online, Figure S1 ).
Effect of acute ethanol challenge and AMPK deficiency on AMPK and ACC
To explore the potential role of AMPK in ethanol-induced cardiac mechanical responses, pan protein expression and phosphorylation of AMPK and its downstream signalling target ACC were examined. Acute ethanol exposure down-regulated pan protein expression of AMPKa in both WT and AMPK KD mice. AMPK-deficient KD mice displayed elevated protein expression of AMPKa (reflecting overexpression of the dominant-negative AMPKa2 subunit). Moreover, the acute ethanol challenge enhanced the phosphorylation of AMPK (either in absolute or normalized value), the effect of which was obliterated by AMPK deficiency. AMPK deficiency itself did not affect the phosphorylation of AMPKa, possibly due to the compensatory effect of the a1 subunit as reported previously. 33 Moreover, neither acute ethanol treatment nor AMPK deficiency (or both) affected the pan protein expression or phosphorylation of ACC. However, the normalized ACC phosphorylation (pACC-to-ACC ratio) was significantly increased following the acute ethanol challenge in WT mice. AMPK deficiency mitigated the ethanol-induced increase in the pACC-to-ACC ratio without eliciting any effect by itself (Supplementary material online, Figure S2 ).
3.5 Effect of acute ethanol challenge and AMPK deficiency on autophagic markers and autophagic flux
To examine the potential role of autophagy in alcoholic heart damage, expression of the autophagic markers Beclin-1, LC3I/II, and the cargo receptor p62 was evaluated in the myocardium from WT and KD mice following acute ethanol treatment. Immunoblotting results shown in Figure 2 reveal overtly elevated levels of LC3I and LC3II (and the LC3II-to-LC3I ratio) and p62 in the myocardium from WT mice following an ethanol challenge. Although AMPK deficiency itself did not affect the expression of these autophagic markers, it significantly attenuated or obliterated the ethanol-induced rise in autophagy. Last but not least, neither ethanol treatment nor AMPK deficiency significantly affected Beclin-1 levels. To assess the effect of the acute ethanol challenge on the autophagic flux, cardiomyocytes from WT and KD mice were treated with ethanol (240 mg/dL) for 4 h in the absence or presence of mixed lysosomal inhibitors [bafilomycin A1 (50 nM), E64D (2.5 mg/mL), and pepstatin A methyl ester (5 mg/ mL)] 16 prior to assessment of the autophagic markers LC3II and p62.
Our data indicated that lysosomal inhibitors affect neither a basal nor ethanol challenge-induced rise of LC3II and p62 in cardiomyocytes from WT mice. Similarly, mixed lysosomal inhibitors failed to affect either basal or ethanol challenge-induced rise of LC3II and p62 levels AMPK KD group (Supplementary material online, Figure S3) , not favouring a major role of the autophagic flux in AMPK-deficiency-induced regulation of autophagy.
Effect of acute ethanol challenge and AMPK deficiency on AMPK-mTOR-ULK1 signalling
To better understand the cell signalling mechanism(s) involved in ethanol-and/or AMPK-deficiency-induced autophagic responses, the AMPK-related autophagic signalling molecules including mTOR, Raptor, and ULK1 were examined. Our data shown in Figure 3 reveal that the acute ethanol challenge significantly dampened mTOR phosphorylation (absolute or normalized value), pan protein expression of Raptor, and ULK1 phosphorylation at Ser 757 (normalized value). Although AMPK deficiency itself failed to alter pan or phosphorylated levels of these signalling molecules, it effectively mitigated acute ethanol exposure-induced changes in these signalling molecules. Neither ethanol treatment nor AMPK deficiency (or both) elicited any notable effect on the pan protein expression 
Effect of compound C on ethanol-induced responses of AMPK-mTORC1-ULK1 signalling
To further assess the role of AMPK in the ethanol-induced autophagic response, the effect of ethanol on AMPK-related autophagic signalling including Raptor and ULK1 was examined in the absence or presence of the AMPK inhibitor compound C. Short-term ethanol (240 mg/dL) exposure significantly increased the phosphorylation of AMPK and Raptor (both absolute and normalized values), as well as ULK1 (Ser 777 ) without affecting the pan protein expression of AMPK and Raptor. Although compound C itself failed to affect the pan and phosphorylated levels of these proteins, it abrogated ethanol-induced changes in these autophagic signalling molecules (Figure 4 ).
Effect of 3-MA and compound C on ethanol-induced cardiomyocyte contractile dysfunction
To further examine the role of AMPK and autophagy in ethanol-induced cardiac contractile response, freshly isolated cardiomyocytes from WT mice were exposed to ethanol in the absence or presence of the autophagy inhibitor 3-MA and the AMPK inhibitor compound C. Our data shown in Figure 5 reveal that ethanol significantly depressed PS, and maximal velocity of shortening/re-lengthening, and prolonged the duration of re-lengthening without affecting the resting cell length and duration of shortening. Although 3-MA and compound C themselves did not affect the mechanical properties of cardiomyocytes in the absence of ethanol exposure, it ablated or significantly attenuated ethanol-induced cardiomyocyte mechanical anomalies. These data consolidated the role of AMPK and autophagy in ethanol-induced cardiac contractile dysfunction.
Effect of 3-MA, compound C, and the mixed lysosomal inhibitors on ethanolinduced autophagosome accumulation in H9c2 cells
To confirm the role of AMPK and autophagy in ethanol-induced autophagy induction, H9c2 myoblasts were transfected with an adenovirus expressing GFP-LC3 fusion protein for 24 h prior to exposure to ethanol (240 mg/dL, 4 h) in the absence or presence of the autophagy inhibitor 3-MA or the AMPK inhibitor compound C. Evaluation of autophagosome formation using GFP-LC3 puncta revealed that both 3-MA and compound C blocked the ethanol-induced rise in GFP-LC3 puncta. Neither 3-MA nor compound C affected GFP-LC3 puncta in the absence of ethanol exposure. The autophagy inducer rapamycin was employed as a positive control for GFP-LC3 puncta formation. These findings supported a role of AMPK activation in ethanol-induced autophagosome accumulation. To evaluate the autophagic flux, H9c2 cells transfected with an adenovirus expressing GFP-LC3 fusion protein were incubated with ethanol in the absence or presence of a mixture of lysosomal inhibitors [bafilomycin A1 (50 nM), E64D (2.5 mg/mL) and pepstatin A methyl ester (5 mg/mL)]. 16 Our data revealed that the lysosomal inhibitors failed to affect the number of GFP-LC3 puncta in the absence of ethanol not did these agents further promote an ethanol-induced rise in GFP-LC3 puncta. Moreover, lysosomal inhibition did not significantly alter the beneficial effect of compound C against ethanol-induced GFP-LC3 puncta formation, suggesting a lesser role of autophagic flux here. Compound C alone did not significantly affect the number of GFP-LC3 puncta, the effect of which was unaffected by lysosomal inhibition (Figure 6 ).
Discussion
The salient findings from this study indicated that AMPK deficiency protected against acute ethanol challenge-induced cardiac contractile dysfunction and glucose intolerance, in line with our earlier observation of overt cardiac functional anomalies accompanied with enhanced AMPK activation in the same experimental setting. 7 Furthermore, data from our current study revealed the initiation of autophagy in response to ethanol exposure, the effect of which was reversed by AMPK deficiency. More importantly, our findings provided evidence for the first time of a likely role for AMPK-mTORC1-ULK1 signalling in ethanol-elicited autophagic response, which may underscore ethanol-induced cardiac contractile dysfunction. Assessment of the autophagic flux using the mixed lysosomal inhibitors revealed that ethanol exposure-induced autophagy may be due to both inhibition of the late-stage autophagic flux and elevation of the early-stage autophagosome formation. This is supported by enhanced levels of LC3II and autophagosome cargo protein p62 following the ethanol challenge. Our observation using lysosomal inhibitors depicted a minor role of autophagic flux in AMPK deficiency or inhibition-induced preservation of mechanical and autophagic homoeostasis following the ethanol challenge. These observations are in favour of the notion that acute ethanol toxicity induces myocardial dysfunction and glucose intolerance through induction of autophagy (autophagosome accumulation) by way of over-stimulation of the cellular fuel AMPK, inhibition of mTORC1, and phosphorylation of ULK1. Cardiac damage may be seen following binge ethanol ingestion at 90 -100 g/day ( 1.5 g/kg) in human subjects. 34 In this study, an ethanol dosage at 3 g/kg was used to closely resemble the state of heavy ethanol binge intake (given the doubled ED 50 in rodents). Blood alcohol levels measured following acute ethanol challenge ( 70 mg/dL) match those detected in humans after binge drinking. 35 Data from our current study revealed that AMPK deficiency rescued against acute ethanol exposure-induced cardiac dysfunction (reduced LV fractional shortening, ejection fraction, depressed LVDP, +dP/dt, cardiomyocyte PS, and +dL/dt as well as prolonged TR 90 ). These findings are in agreement with our earlier observations that acute ethanol exposure elicits myocardial dysfunction accompanied with overtly elevated AMPK phosphorylation in the heart. 7 In our study, neither ethanol exposure nor AMPK deficiency affected the heart rate or blood pressure (despite a trend of reduced blood pressure following ethanol exposure). AMPK deficiency failed to affect ethanol-induced decrease in the LVEDD (despite preserved LV fractional shortening and ejection fraction). The decrease in the LVEDD in conjunction with an unchanged LVESD following acute ethanol exposure is somewhat surprising as alcohol abuse may elicit cardiomyopathy indistinguishable from other types of dilated non-ischaemic cardiomyopathy, 4 similar to our recent finding (greater LVEDD) using a similar acute ethanol challenge protocol albeit in a different mouse strain (FVB). 16 Although such a discrepancy in the LVEDD following the ethanol challenge is not entirely clear, it may be speculated that certain haemodynamic factors (such as the non-significant decreases in systolic and diastolic blood pressure seen in our present study) may contribute to ethanol-induced geometric changes in the left ventricle. However, given that AMPK deficiency significantly reconciled ethanol challenge-induced decrease in Langendorff heart contractility but not the ethanol-induced responses in blood pressure and the LVEDD, the AMPK-deficiency-induced beneficial cardiac effect likely originates from the heart as opposed to from systemic circulatory factors. The observation that AMPK deficiency itself did not affect general biometric and cardiac mechanical properties is in line with our previous report, 33 indicating that AMPK deficiency may not be innately harmful to cardiac contractile function, 36, 37 Furthermore, AMPK deficiency significantly ameliorated acute ethanol exposure-induced glucose intolerance, in line with our earlier finding of dampened cardiac insulin signalling following an acute ethanol challenge associated with the over-phosphorylation of AMPK. 7 AMPK is deemed a key signalling molecule in the metabolic actions of insulin. 8, 9 However, AMPK activation may also serve as a double-edged sword in glucose homoeostasis as AMPK activation, if excessive, triggers up-regulation of autophagy to promote gluconeogenesis. 38 Our present data revealed a remarkable rise in AMPKa phosphorylation accompanied with decreased pan protein expression of AMPKa following ethanol treatment, the effect of which was reversed by AMPK deficiency. AMPK KD mice displayed a slightly lowered (although not significantly) pAMPKa-to-AMPKa ratio possibly due to the elevation of pan AMPKa expression (from overexpression of the dominant-negative a2 subunit). Interestingly, AMPK deficiency ablated the acute ethanol exposure-induced increase in AMPK phosphorylation. This is in concert with the changes in phosphorylation of ACC (pACC-to-ACC ratio), a downstream target of AMPK, in WT and AMPK KD mice following the ethanol challenge. The downregulated AMPKa levels in response to the acute ethanol challenge may be due to the loss of the endogenous AMPK as WT mice displayed a 26% loss in AMPK expression following the ethanol challenge. Given that a much higher degree (43%) of loss in AMPK protein was observed in AMPK KD mice following ethanol exposure, a possible contribution from exogenous AMPKa cannot be excluded. In fact, it is rather difficult to precisely discern the origin of ethanol-induced loss of AMPK protein as overexpression of the KD a2 isoform (K45R mutation) used in this study leads to a conformational change in endogenous AMPK structural domains in its subunits.
Perhaps the most significant finding from our study is that AMPK deficiency or inhibition attenuated ethanol-induced cardiac autophagosome accumulation, manifested as increased LC3II and the autophagosome cargo protein p62 along with contractile anomalies following the acute ethanol challenge, the effects of which were unaffected by lysosomal inhibition. These findings support a causal role of autophagy in ethanol-elicited cardiac damage, possibly initiated by the excess production of autophagosomes and impaired autophagic flux, which received convincing support from the in vitro finding that autophagy inhibition using 3-MA reversed, whereas lysosomal inhibition mimicked ethanol-induced cardiomyocyte dysfunction or autophagosome accumulation. Likewise, AMPK inhibition with compound C ablated ethanol-induced autophagosome formation in H9C2 cells (Figure 6) , the effect of which was less affected by lysosomal inhibition. These findings favour a role of AMPK inhibition in alleviating autophagosome formation rather than interrupted autophagic flux in response to ethanol exposure. It has been suggested that impaired autophagosome removal and resultant autophagosome accumulation may be more detrimental than impaired autophagosome formation. 39 Thus the relative roles of autophagosome formation and autophagic flux in alcoholic heart injury deserve further scrutiny. It is possible that the initial autophagosome formation may be extremely low under AMPK deficiency or inhibition, thus autophagosome accumulation cannot be further enhanced with interruption of the lysosomal outflow.
The energy sensor AMPK triggers autophagy through its ability to inactivate mTORC1. 40 Autophagosome formation, one of the early steps in the autophagic process, may be initiated by several multimolecular complexes such as VPS34-Beclin-1 class III PI3-kinase complex, ULK1 protein-kinase complex, Atg9-Atg2-Atg18 complex, and the Atg5-Atg12-Atg16 and Atg8/LC3 conjugation systems. 14 The first autophagic gene identified was Atg1, which encodes the catalytic subunit of a protein kinase complex to trigger autophagy. 40, 41 The mammalian homologue of Atg1 ULK1 was thought to play a pivotal role in the initial stages of autophagy although the precise mechanisms remain unclear. 23 Recent evidence suggested that autophagy may be regulated through the direct phosphorylation of ULK1 by AMPK and mTORC1. 22 Our study depicted decreased mTOR phosphorylation and pan protein expression of Raptor, as well as elevated Raptor phosphorylation associated with enhanced AMPK phosphorylation following the acute ethanol challenge, the effects of which were alleviated by AMPK deficiency. It was demonstrated that phosphorylation of Raptor at Ser 792 by AMPK is essential for mTORC1 inhibition under energy stress, 19 consistent with our observation that AMPK deficiency reversed ethanol-induced elevation of Raptor phosphorylation. Our results also revealed that AMPK deficiency significantly suppressed ethanol-induced decrease of ULK1 phosphorylation at Ser 757 , which is negatively regulated by mTOR. 42 It is demonstrated that the active mTORC1 may phosphorylate ULK1 on Ser 757 to prevent ULK1 from interacting with AMPK. Dephosphorylated ULK1 is in fact enzymatically active, and the kinase activity of ULK1 is thought to be important for the recruitment of other downstream Atg proteins and the subsequent autophagosome formation. 43 Furthermore, our in vitro data reveal that ethanol-induced distinct ULK1 phosphorylation at Ser 777 and Raptor phosphorylation in concert with elevated AMPK phosphorylation, the effects of which were reversed by AMPK inhibition using compound C. ULK1 is reported to be regulated by multiple phosphorylation and dephosphorylation processes, one of which is Ser 777 . 23 AMPK is capable of promoting autophagy through the direct activation of ULK1 at Ser 317 and Ser 777 phosphorylation sites, 22 although other phosphorylation sites such as Ser 555 and Ser 467 also play a role in AMPKstimulated activation of ULK1. 21 In addition, our finding indicated that ethanol compromised cardiomyocyte contractile properties which were ameliorated by 3-MA and compound C. These findings supported a crucial role of autophagy in ethanol-induced cardiac contractile dysfunction related with overload AMPK, suggesting that the ethanol-induced initiation of autophagy may primarily be a pro-death rather than a pro-survival mechanism. A schematic diagram is provided to layout acute ethanol exposure-initiated autophagic and contractile responses through AMPK, and subsequently the inhibition of mTORC1 and the phosphorylation of ULK1 (Supplementary material online, Figure S4 ).
In conclusion, the present study provided convincing evidence for the first time that AMPK deficiency is capable of ameliorating ethanol-induced myocardial contractile dysfunction, possibly via AMPK-mTORC1-ULK1-mediated regulation of autophagosome formation. This is supported by the finding that inhibition of AMPK or autophagy protected against ethanol-induced cardiac anomalies. Although the acute ethanol challenge interrupted the autophagic flux, our data did not favour a major role of the autophagic flux in AMPK deficiency or inhibition-elicited beneficial effect against the ethanol challenge. Although it is still premature to discern the precise mechanism underneath AMPK-mediated autophagy following alcohol intake, our study should shed some light towards better understanding of the role of autophagy in alcoholic heart damage. Further investigation is warranted to elucidate the therapeutic value of the AMPK and AMPK-related autophagic signalling molecule in the management of binge drinking-induced myopathic anomalies.
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